ABSTRACT: Trifluoroethanol (TFE) is commonly used to induce protein secondary structure, especially α-helix formation. Due to its amphiphilic nature, however, TFE can also self-associate to form micellelike, nanometer-sized clusters. Herein, we hypothesize that such clusters can act as nanocrowders to increase protein folding rates via the excluded volume effect. To test this hypothesis, we measure the conformational relaxation kinetics of an intrinsically disordered protein, the phosphorylated kinase inducible domain (pKID), which forms a helix−turn−helix in TFE solutions. We find that the conformational relaxation rate of pKID displays a rather complex dependence on TFE percentage (v/v): while it first decreases between 0 and 5%, between 5 and 15% the rate increases and then remains relatively unchanged between 15 and 30% and finally decreases again at higher percentages (i.e., 50%). This trend coincides with the fact that TFE clustering is maximized in the range of 15−30%, thus providing validation of our hypothesis. Another line of supporting evidence comes from the observation that the relaxation rate of a monomeric helical peptide, which due to its predominantly local interactions in the folded state is less affected by crowding, does not show a similar TFE dependence.
INTRODUCTION
While there are many ways to experimentally perturb a protein's stability, perhaps one of the most common is through the use of cosolvents. For example, guanidine hydrochloride (GdnHCl) and urea are frequently used to denature proteins, whereas several alcohols, such as hexafluoroisopropanol (HFIP) and trifluoroethanol (TFE), are known to induce secondary structure formation in polypeptides. Although there have been numerous efforts to understand how cosolvents act to change a protein's conformational preference, in each case, unanswered questions still remain. Herein, we study the conformational relaxation kinetics of two intrinsically disordered proteins (IDP) in different water/TFE mixtures, aiming to gain a better understanding of the mechanism with which this cosolvent influences the dynamics of protein folding.
The protein-stabilizing effect of TFE has been studied extensively both experimentally and computationally since its discovery by Goodman and Listowsky.
1−3 One view on TFE's mechanism of action is that it more favorably surrounds the protein than water, effectively leading to dehydration of the protein backbone, which, consequently, leads to backbone− backbone hydrogen bond formation and hence promotes secondary structure stabilization. 4−12 Conversely, other studies suggest that rather than stabilize the folded state, TFE acts to destabilize the unfolded state by structuring the solvent and, as a result, increasing the folded population.
13−15 Not surprisingly, some proposed mechanisms fall somewhere in-between. 16−20 In addition, it has been shown that the amphiphilic TFE molecule is capable, at large volume percentages, of exposing and interacting with hydrophobic side chains, thereby leading to disruption of hydrophobic tertiary interactions. 21 Due to the complexity of protein−TFE interactions, one expects that TFE will affect protein folding kinetics in a nonlinear manner. Indeed, Hamada et al. 22 found that the folding rates of a set of globular proteins follow a chevron-like trend with increasing TFE concentration. The interpretation for these results was that at low TFE percentages, folding rates are increased due to stabilization of native hydrogen-bonding groups, whereas at higher percentages, folding rates are decreased in a similar manner as is found with denaturants, due to TFE's interaction with buried residues, as determined by a high correlation between the m-values of TFE and GdnHCl. 22 One factor that is potentially important to TFE's effect on protein folding, but not considered by previous studies, is the ability of TFE to self-associate. For example, dynamic light scattering (DLS) and nuclear magnetic resonance (NMR) measurements, as well as molecular dynamics (MD) simulations, found that TFE molecules can form clusters. 23−28 This clustering is thought to be the result of the cosolvent's hydrophobic CF 3 groups shielding themselves from water in micellelike structures that have Stokes' radii of 0.55 nm. 23 Furthermore, TFE clustering does not show a monotonic dependence on its percentage; it reaches a maximum at about 30% (v/v), above which the clusters disassemble and the solution becomes more homogeneous. Taken together, these findings suggest that TFE could act as a molecular crowder, thus increasing folding rates at certain percentages via the excluded volume effect. 29 In addition, the viscosity of TFE/ water mixtures doubles from 0% to 60% TFE. 30 Such a drastic increase in solvent viscosity could also have notable impacts on the folding rates of proteins in these solutions. In order to gain insight into the effect of viscosity and cosolvent aggregation on protein folding kinetics, we have examined the conformational relaxation rates of two IDPs in different water/TFE solutions. IDPs are ideal candidates for this study, because they lack appreciable tertiary structure when isolated in buffer, simplifying our interpretations. Specifically, we studied the phosphorylated kinase inducible domain (pKID) peptide 31 and the late embryogenesis abundant (LEA) peptide. 32 We chose these two systems because both have folded states that are rich in α-helical content; however, pKID forms a helix−turn−helix (HTH) structure, whereas LEA folds into a monomeric α-helix. Previous experiments have shown that macromolecular crowding only has a small effect on the folding rate of monomeric α-helices, whereas proteins with appreciable nonlocal contacts experience more of a change. 33 Our hypothesis is that if TFE indeed behaves as a nanocrowder, it will affect the folding rate of pKID differently than that of LEA. Our results indeed reveal that the relaxation rate of pKID shows a complex dependence on the TFE percentage (in the range of 0−50%), with a maximum occurring between 15 and 30%, whereas that of LEA does not show such a dependence.
EXPERIMENTAL SECTION
Deuterated TFE was purchased from Cambridge Isotope Laboratories and stored in a drybox upon opening. Peptides were synthesized on a PS3 automated peptide synthesizer (Protein Technologies, MA) using Fmoc-protocols, purified by reverse-phase chromatography, and identified by matrix-assisted laser desorption ionization (MALDI) mass spectroscopy. Phosphorylated serine was incorporated into pKID (sequence DSVTDSQKRREILSRRPS*YRKILNDLSSDAPG−CONH 2 , with S* representing phosphoserine) via the modified amino acid Fmoc-Ser(HPO 3 Bzl)−OH. The sequence of the LEA peptide is AADGAKEKAGEAADGAKEKAGE−CONH 2 . CD measurements were carried out on an Aviv 62A DS spectropolarimeter (Aviv Associates, NJ) with a 1 mm sample holder. The peptide concentration was in the range of 50−60 μM in H 2 O and various concentrations of TFE (pH 7). Fourier transform infrared (FTIR) spectra were collected with 1 cm −1 resolution on a Magna-IR 860 spectrometer (Nicolet, WI) using a two-compartment CaF 2 sample cell of 56 μm path length. The details of the laser-induced temperature jump (Tjump) IR setup have been described elsewhere. 34 The amide hydrogen of peptides used in IR measurements has been exchanged to deuterium; the samples were prepared by directly dissolving lyophilized solids in D 2 O solutions containing desired percentages of deuterated TFE (pH* 7). The final peptide concentration was between 1−2 mM. The fractional helicity of the peptide, f H , was estimated on the basis of its mean residue ellipticity at 222 nm, [θ] 222 , using the following relationship
where [θ] H is defined as
and [θ] C is defined as
where n H is the number of helical residues in the peptide folded state (n H was defined as 21 for pKID and 22 for LEA), n T is the total number of residues in the peptide, a is the number of carbonyls in the helical structure not involved in intramolecular helical hydrogen bonding (a = 6 for pKID and 3 for LEA), and T is the temperature in Celsius.
RESULTS AND DISCUSSION
We chose pKID as our model system because a previous study has shown that TFE (10−40%) can significantly increase its helical content. 36 Consistent with this finding, our CD measurements indicate that the helicity of pKID increases with increasing TFE percentage from 0 to 30%, above which this increase levels off ( Figure 1A ). In addition, the thermal melt (T-melt) of this peptide, probed at 222 nm, indicates that TFE has an effect on the nature of the thermal unfolding transition ( Figure 1B) . Specifically, it appears that the unfolding transition becomes most cooperative when the percentage of TFE is approximately 15%, whereas at higher TFE concentrations (e.g., 50%) the T-melt is essentially linear. This type of transition has also been seen in other studies where TFE was used to induce helical structure formation; 35, 37 however, a microscopic interpretation of this phenomenon is lacking. Due to the lack of baselines in these CD T-melts, as well as the changing nature of the T-melts themselves as a function of TFE percentage, no quantitative analysis was performed to extract additional information from this data. We did, however, use the mean residue ellipticity at 222 nm and the method developed by Baldwin and co-workers (Experimental Section) to estimate (Table 1) , the f H values obtained for pKID in 0% and 30% TFE, 21% and 54%, respectively, are in good agreement with those obtained in previous studies. 36, 38 To determine the effect of TFE on the folding−unfolding kinetics of pKID, we measured its conformational relaxation rates in various concentrations of TFE using a laser-induced Tjump IR technique. 39 As shown (Figure 2 ), the T-jump-induced relaxation kinetics, probed at 1630 cm −1 , can be described by a single-exponential function. In addition, the relaxation rate does not show any measurable dependence on the initial temperature, suggesting that the folding−unfolding process of pKID involves a significant (≥1.5k B T) free energy barrier. 40 As indicated ( Figure 3 and Table 2 ), in comparison to those measured in the absence of TFE, the relaxation rates obtained at low TFE percentages (up to 5% TFE) show a small but measurable decrease (∼24%), which disappears completely upon increasing the TFE percentage to 15%. This nonmonotonic dependence is interesting, since such a trend has not been reported before. One possible explanation for the initial decrease in the relaxation rate is that it arises from a TFEinduced increase in the solution viscosity (η), since a previous study 30 has shown that a 5% TFE solution (in H 2 O) has a viscosity of 1.00 cP, compared to 0.89 cP for pure water. Interestingly, this viscosity increase cannot completely account for the observed decrease in the relaxation rate (k R ). This is because, assuming k R ∝ (η) −α , where α ranges from 0.6 to 1.0, 41−43 an increase of η from 0.89 to 1.00 cP only leads to a decrease of k R by ∼12%, less than observed. This finding is entirely expected since, besides viscosity, the protein stability, which in this case is a function of TFE concentration, can also affect k R . As discussed above, the helicity of pKID increases in the presence of TFE, suggesting that under these conditions the folded state is stabilized. As shown (Figure 4) , an increased stability can result from either an increase in the folding rate (k F ), a decrease in the unfolding rate (k U ), or both. However, an increase in k F would lead to an increase in k R , as k R = k F + k U . Thus, the decreased relaxation rate at 5% TFE is consistent with the notion that this alcohol, at relatively low percentages, can selectively stabilize the folded state, which kinetically manifests as an increase in the unfolding free energy barrier. What is more surprising, however, is that upon further increasing the TFE percentage from 5 to 15%, the relaxation rate of pKID becomes larger (Figure 3 ). This faster relaxation rate remains unchanged, within experimental error, up to 30% TFE. Since both the helicity of pKID and the solution viscosity increase with increasing TFE concentration in this range of TFE percentages (i.e., 5−30%), both of which, as discussed above, would lead to a decrease in k R , this kinetic trend is not anticipated and hence suggests that one needs to consider additional factors. One possible explanation, according to our hypothesis, is that this rate increase results from a crowding effect of TFE, which is known to form clusters in this concentration range. Such clusters, typically consisting of nine TFE molecules, 44 can occupy approximately 30% of the volume at 40% TFE, based on MD simulations. 28 Crowding, which preferentially destabilizes the more extended unfolded state through the excluded volume effect, increases protein folding rates. 29 However, unlike other commonly used macromolecular crowders, such as ficoll and dextran, which typically are assumed to be repulsive toward proteins, TFE interacts specifically with pKID. Thus, the observed concave upward dependence of the relaxation rate on TFE percentage, in the range of 0−30%, is a manifestation of the interplay of three factors, i.e., viscosity, stability and crowding. While the results discussed above are consistent with the notion that TFE can act as a crowding agent at certain volume percentages, further validation of this claim is needed. Fortunately, TFE self-association or aggregation is not a monotonic function of its concentration, which peaks at around 30% and effectively vanishes at 70%. 24 This characteristic property of TFE clustering provides a simple means to test the validity of our hypothesis. Should the increased relaxation rate of pKID observed at 15−30% TFE solutions arise from crowding due to nearby TFE clusters, we would expect at higher concentrations of TFE, where these aggregates are less prevalent, the relaxation rates to, once again, decrease. Indeed, at 50% TFE the conformational relaxation rates of pKID become appreciably slower than those at 30% TFE, by a factor of approximately 1.7 ( Figure 3 and Table 2 ). Thus, these results provide additional evidence in support of the notion that TFE clusters can act as nanocrowders. Furthermore, measurements of the conformational relaxation kinetics of another IDP, i.e. the LEA peptide, in water/TFE solutions also help support this claim. In nature, LEA proteins fold upon desiccation and are responsible for reducing aggregation of proteins in waterdeficient conditions in both plants and animals. 45, 46 Therefore, TFE, which causes the peptide backbone to be dehydrated, should be very effective in promoting LEA's folding to a monomeric α-helical structure, as observed ( Figure 5A and Table 1 ). In addition, unlike that of pKID, the CD T-melt of LEA is more cooperative (Figure 5B ), which may reflect its intrinsic ability to fold upon the removal of water. Perhaps more importantly, the folding of monomeric α-helices involves predominantly local interactions and thus diffusive motions over a relatively small length scale. As such, a previous study 32 has shown that their folding kinetics are much less affected by macromolecular crowding in comparison to folding processes that involve formation of substantial nonlocal interactions, such as the folding of β-sheet structures. In other words, we expect, unlike pKID, that LEA's relaxation rate will be less dependent on TFE clustering. Indeed, as shown (Figures 6 and 7 and  Table 2 ), the T-jump-induced conformational relaxation rates of LEA are, within experimental uncertainties, practically the same in the range of 30−50% TFE. Taken together, we believe that this difference in the relaxation kinetics of pKID and LEA supports the conclusion that TFE can act as a nanocrowder at certain concentrations. Additionally, it is worth noting that the relaxation rate of LEA is similar to that of a monomeric helical peptide derived from the ribosomal protein L9, 47 providing further evidence that the folding kinetics of naturally occurring helices are at, or near, the folding speed limit.
One alternative theory that has been proposed in the literature concerning TFE's interactions with proteins is that the clusters that are formed at certain volume percentages directly bind to hydrophobic residues in proteins; 48, 49 however, both pKID and LEA are composed mainly of hydrophilic residues, with LEA having a slightly larger nonpolar residue composition. Although direct binding of these clusters to pKID could result in a change in the relaxation rates, such an event seems unlikely, since the kinetics of LEA are relatively unchanged throughout the TFE percentages examined.
In protein conformational studies it is common to use high concentrations of cosolvents, such as urea, alcohol, or TMAO, to experimentally control protein stability. Since many of these cosolvents have the tendency to self-associate, the crowding effect observed for TFE may also occur in other systems, an important aspect that has been largely overlooked. For example, in their MD simulations Cho et al. 50 found that a high concentration of TMAO leads to a reduction in the radius of gyration of several peptides, which led them to propose that TMAO can act as a molecular crowder. Using two-dimensional infrared (2D IR) spectroscopy, Ma et al. 51 also showed that TMAO can reduce the conformational entropy of proteins, thus further validating the crowding effect of TMAO aggregates. In this context, we expect that our observations in this study may be common for other cosolvents and thus should be taken into consideration in future studies when these molecules are used to tune the folding thermodynamics of proteins.
CONCLUSIONS
Alcohols are frequently used as cosolvents to enhance structure formation in peptides and proteins. In particular, TFE is remarkably effective in this regard and thus has found broad application. While previous studies have provided many insights into how TFE acts to achieve its structure-enhancing role, the potential effect of TFE clustering, which is maximized at approximately 30% TFE (v/v), has often been overlooked. To investigate whether TFE clusters affect the folding kinetics of proteins, herein we study the conformational relaxation kinetics of two intrinsically disorder proteins: one (i.e., pKID) forms a HTH conformation and the other (i.e., LEA) folds into an α-helix when TFE is present. Our results show that the relaxation rate of pKID has a complex dependence on TFE percentage in the range of 0−50%, whereas that of LEA is insensitive to TFE concentration. In particular, the maximum relaxation rate of pKID occurs at a TFE percentage (15−30%) where TFE clustering is also prevalent. Thus, based on these results, we propose that TFE can act as a nanocrowder and, through the excluded volume effect, increase the folding rate of proteins containing a substantial amount of nonlocal contacts. 
